Introduction
Over the last two decades, there has been a clear change in trend across the global community towards sustainable sourcing and more efficient use of fuels and chemical feedstocks, specifically concerning reductions in the use of finite fossil fuels. This has been most apparent at the governmental level, with policies such as the UK Low Carbon Transition Plan [1] and international legally binding agreements such as the Kyoto Protocol 2020 [2] , which focus on reducing CO 2 emissions. These are significant drivers for developing and implementing alternative, low carbon energy sources. In line with this global trend, there has been major financial and resource investment into large international collaborative projects (totalling over £17 billion) for unconventional energy generation, such as the Joint European Torus (JET) [3] , Canadian Deuterium Uranium Reactors (CANDU) [4] , the International Thermonuclear Experimental Reactor (ITER) [5] and the Tokamak Fusion Test Reactor (TFTR) [6] . These projects use large quantities of the hydrogen isotope deuterium ( 2 H or D) as a feedstock fuel, which can cost up to €4000 per kg [7] . The demand for D 2 would increase dramatically if any of these three technologies were implemented on a wider scale in the future. Aside from such projects, ultrapure hydrogen (H 2 ) and deuterium (D 2 ) are already in high demand for application as deuterated chemical tracers, deuterated research grade chemicals and nuclear reactor heavy water moderators [8] [9] [10] , driving the need for reductions in production costs for both chemical feedstocks, even at current production levels.
The most common method of producing ultrapure H 2 and D 2 is through separation of the isotopes from standard grade H 2 feedstock (standard grade H 2 composition: H > 99.98% and D < 0.0156% [11] ), which is generated from steam reforming of natural gas by means of the water-gas shift reaction [12] . However, this fossil fuel-based method is ultimately unsustainable. Thus, alternative sources and methods for producing large-scale standard-grade H 2 and D 2 are being researched [13] [14] [15] . The liquid-based Girdler-Sulfide enrichment process can be used for initial D 2 enrichment of seawater up to $20 wt%, but this is used exclusively for heavy water production for the nuclear power industry and its use is in sharp decline due to the large financial cost of operation and large quantities of poisonous H 2 S produced [16] . The gas phase separation of hydrogen isotopes can be achieved either by cryogenic distillation at $33 K [17, 18] , or through an absorption/chemisorption method using palladium (Pd) or vanadium (V) packed beds [19, 20] , both of which have extreme energy and financial cost penalties [21] [22] . Other methods of hydrogen isotope separation have been investigated, but are uncommon due to the energy and financial costs [23] [24] [25] [26] .
There has been recent interest, by Hirscher et al. [27] , in using nanoporous materials in a swing adsorption configuration (pressure, vacuum and temperature driven) for separating H 2 and D 2 . The research has focused on the use of metal-organic frameworks (MOFs) [28, 29] which have achieved highly pure separations, but only with low working pressures (0.001 MPa), low mass throughputs and small sample sizes due to the difficulty and expense of MOF synthesis and the degradation of MOFs with cycling. Another family of nanoporous materials that holds promise for isotope separations are zeolites, due to their low cost of production, widespread availability and mechanical and chemical stability [30] . However, little research has been done to date on the use of zeolites for hydrogen isotope separation [31, 32] . The common, naturally-occurring chabazite branch of the zeolite family is of special interest for isotope separations due to an unusual selective trapdoor phenomenon reported by Webley et al. [33] .
Caesium (Cs + ) chabazite (Cs-CHA) has a three-dimensional structure that consists of double six-ring prisms (6DR) arranged in layers linked by tilted four-membered rings (4MR) -see Fig. 1 . Although large supercavities (6.7 Â 10 Å) exist in the structure, eight-membered rings (8MR) that are 3.8 Å by 3.8 Å in diameter function as highly selective doorways, providing the only access to the crystal interior ( Fig. 1) . A Cs + cation is positioned energetically favourably in the centre of each of the 8MRs, balancing the charge of the framework and acting as selective aperture 'trapdoors' [34, 35] . These trapdoors have a critical admission temperature (T c ) that is different for every gas (e.g. T c for H 2 = 333 K) [36] , above which the trapdoor is considered ''open" and below which it is considered ''closed". However, some gases, such as CO 2 , have been reported to either not have a T c , or for the T c to be so low as for the trapdoor to be deemed permanently open, allowing for free gas access to the internal microporous supercavities.
A material allowing selective H/D separation without the need for cryogenic temperatures would vastly reduce the energy cost of hydrogen isotope separation, in comparison with the cryogenic distillation method currently used.
Studies into the selective trapdoor phenomenon of the chabazite structure [34, 36, 37] have thus far not investigated the effect that the H 2 and D 2 may have on the cation trapdoor. However, differences in the interactions of H 2 and D 2 with the cation trapdoor are predicted, based upon research into hydrogen isotope interactions with beryllium cations by Artiukhin et al. [38] and lithium cations by Czerwiń ski [39] . Based on this hypothesis, we aimed to test whether the selective trapdoor could be used to separate H 2 and D 2 at moderate temperatures (293-343 K) and pressures (0.17-1.00 MPa).
Materials and methods
Caesium (Cs + ) cation-exchanged chabazite zeolite material was synthesised in the Webley lab in accordance with previous reports [33] . Powder X-ray diffraction (PXRD) confirmed phase purity, thermogravimetric analysis (TGA) confirmed thermal stability up to 1173 K and N 2 sorption isotherms at 77 K showed low N 2 uptake, suggesting the pore-blockage for N 2 access due to the molecular trapdoor effect. Note that the presence of a small proportion of pores of 10 Å in width implies the existence of pore apertures not containing Cs + cations due to localised Al 3+ deficiencies [40] (see Figs. S1-4 in Supplementary Information).
Breakthrough isotope separation experiments were conducted on a bespoke Hiden Isochema Isotope Exchange (IsoEx) rig. This rig consisted of a tubular reactor (0.6 Ø by 20 cm) held within a UniTemp BTZ-175E environmental chamber for precise reactor temperature control between 273 and 343 K, with an external reactor jacket heating coil for temperatures of 293-453 K (see Fig. 2 ). Hydrogen (H 2 ), deuterium (D 2 ) and argon (Ar) inlet pressures were controlled by three pressure transducers (GE Measurements and Control, PDCR 4020, 20 MPa) and gas flow was controlled by in-line mass flow controllers (Bronkhorst High Tech, M9208158C). A vacuum pump was used for in-line pre-and postreactor degassing of the sample. A dynamic sampling mass spectrometer (Hiden Isochema, HPR-20 QCI) downstream of the reactor was used for exhaust gas detection. Three packed beds of caesium chabazite from a single synthesis batch were used for the breakthrough measurements. The white Cs + chabazite solid was ground gently in an agate mortar and pestle to a fine powder before being degassed in a Micromeritics ASAP 2020 (heated to 623 K at 5 K min À1 , evacuated at 0.003 MPa min À1 to 9 Â 10 À5 MPa for 36 h, then held under vacuum whilst cooling). The prepared samples (Table 1) were then promptly transferred into the IsoEx reactor and packed into a reactor volume of 1.98 cm 3 for sample 1 (0.6 Ø Â 7 cm) and 1.13 cm 3 for samples 2 and 3 (0.6 Ø Â 4 cm). The samples were degassed in-situ for 1080 min at 453 K prior to each breakthrough experiment.
Results

Pressure effects on hydrogen breakthrough in Cs + chabazite
To determine the effect of pressure changes on the breakthrough times of gas through the Cs + chabazite packed bed, three pressures (measured using PI1-3, Fig. 2 ) of ultra-pure H 2 (0.17, 0.40 and 1.00 MPa) were tested at 293 K ( Fig. 3 ) on sample 1 and the start of the H 2 breakthrough times (B S ) and complete breakthrough times (B F ), at each pressure, were compared (H 2 sourced from Air Products, BIP-Plus, 99.99996%). The raw breakthrough data y-axis had units of Torr generated from the mass spectrometer ion counts from a throttled sampling capillary on the reactor exhaust. Due to the throttled capillary and the automatic spectral deconvolution (ASD) algorithm in the MassSoft Professional software (v6.21.0.51), the Torr counts could not be correlated to a specific mass throughput. However, scaling in terms of concentration (C) over final concentration (C 0 ) was possible (Figs. [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The B S time for the 0.17 MPa run was 8.5 min and the B F was 40 min, which was approximately double the B S and B F times ($175% and 220%) for the 1.00 MPa and triple the B S and B F times ($340% and $330%) of the 0.40 MPa run-a considerably longer breakthrough time. Interestingly the B S and B F times for the 1.00 MPa were lower than for the 0.40 MPa. This shows that the lower pressure gas actually starts to breakthrough before the higher pressure, and also fully breaks through before the higher pressure. As the value of B S is the only difference between the 0.40 and 1.00 MPa runs, this suggests that the packed bed was distorted by a fluid hammer effect at higher pressures, reducing the packed bed interstitial space due to compression. For breakthrough separation systems, a large mass transfer region (S breakthrough curve region in Figs. 3-11) with respect to time is desirable, to ensure that as much of the separation material is utilised as possible and thus minimising the time between column regenerations. This also increases the breakthrough time difference between the species to be separated, highlighting the preference for longer breakthrough times. Furthermore, for this specific breakthrough system, with shorter breakthrough times, fewer counts are available for the mass spectrometer whilst in Multiple Ion Detection (MID) mode. Therefore, a pressure of 0.17 MPa was chosen for the H 2 -D 2 breakthrough experiments. A working pressure of 0.17 MPa could be considered low and unsuitable for use within industry due to the low gas density of H 2 and D 2 , and thus low mass throughputs. Nevertheless, if the system were to be scaled up, and the packed bed length and reactor cross sectional area increased, the ideal working pressure could also be increased accordingly. Note that the static working pressures tested in MOF based H 2 -D 2 separation systems have been considerably lower then the 0.17 MPa tested in this work [27] [28] [29] , justifying the selection of working pressure in this study.
Temperature effects on hydrogen and deuterium breakthrough in Cs + chabazite
Four separate breakthrough measurements on Cs + chabazite were made on sample 2 using ultrapure D 2 (D 2 sourced from Air Products BIP-Plus, 99.99996%) or ultra-pure H 2 with the trapdoor There is still a separation between the B S and B F for the H 2 and D 2 but to a lesser extent, despite the H 2 now having access to the porous interior. The darker region represents the period over which a single, pure isotope species is flowing out of the packed bed, meaning a separation of the two isotopes is possible, but not ideal. Phase purity of the Cs + chabazite was unaffected by repeat cycling (>20 heating cycles) in the IsoEx, as confirmed by PXRD before and after loading into the reactor (see Fig. S4 Supplementary Information).
The breakthrough of H 2 was found to be highly dependent on the trapdoor state ( Fig. 4) , with the B S and the B F increasing by 315% and 220% from the trapdoor closed to open positions. This suggests that H 2 can only pass though the interstitial space when the molecular trapdoors are closed. When the trapdoors are open the H 2 can also pass through the microporous supercavity interior, decreasing the mean free path (MFP) of the H 2 molecules and thus, increasing total travel time through the bed. This can be explained by dP = e Àx/l dx, where dP is the probability that a collision will not happen between two points of travel (x and x + dx), and the constant l is the mean free path (MFP, mean time travelled between two collisions). The increase in total travel time is caused by a decrease in the value of MFP (l) which in turn decreases the value of dP, and thus, increases the probability of a collision over a fixed distance through the packed bed. This can be further explained by the cubic lattice random walk model, where an increase in the number of collisions (or distinct sites, S(t)) directly increases the total travel time [41] .
Interestingly D 2 breakthrough kinetics were found to be completely independent of the trapdoor state ( Fig. 5) , with the B S and B F remaining unchanged, implying that the T C for D 2 is out of the experimental operating range (293-343 K).
The independence of the D 2 and the dependence of the H 2 in relation to the trapdoor state is shown in Fig. 6 , where the B S and B F of D 2 are approximately 5 times and 4 times of the values of H 2 when the trapdoor is closed (at T = 293 K). The longer total time for D 2 shows that the trapdoor state independence of D 2 is not one of exclusion, but rather one of irrelevance, as D 2 can pass through the closed trapdoor. This suggests that the T C for D 2 is lower than the experimental temperature range investigated here. H 2 -D 2 breakthrough crossover is a main limiting factor for Pd and V based separation systems [42] , but in Fig. 6 no breakthrough crossover is present (onset time of D 2 , B S > end time of H 2 , B F ). This is due to the decrease in MFP for the D 2 (and thus increase in total path time) passing through the closed trapdoors and the MFP remaining unchanged for the H 2 (no increase in the total path time) due to H 2 not passing through the closed cation trapdoors. This allows for simple, highly pure hydrogen isotope separations at room temperature (293 K) and moderate pressures (0.17 MPa) using an inexpensive and easily synthesised Cs + chabazite material, potentially lowering the energy requirement for such separations significantly compared with well established cryogenic distillation systems ($33 K [17, 18] ) and MOF based systems ($77 K [27] ).
It would be expected that the start of the H 2 and D 2 breakthroughs would match when the trapdoor position is open, such that H 2 B S = D 2 B S , as H 2 gas could then access the interior microporous supercavities, similar to the D 2 , but this is not the case as seen in Fig. 7 . One explanation is that the H 2 cannot access the same interior channels as the D 2 . Kohen et al. [43] recently reported atomic simulations on chabazite trapdoor positions which suggest the cation trapdoors rapidly and temporarily displace into the internal supercavities and 4MRs giving rise to the 'open' state position [44] [45] [46] [47] . If the frequency of cation movement within the internal pores is high, new temporary internal trapdoors may be formed, blocking access to some of the internal channels for H 2 , but again not affecting D 2 due to its trapdoor independent behaviour at the experimental temperature range investigated here. This would account for H 2 B S < D 2 B S seen in Fig. 6 . For pure, or high concentration systems, separation of the isotopes would be viable in a single cycle, compared to a minimum of 8 cycles for the same result in MOF based systems [27] . The H 2 and D 2 breakthroughs whilst in the open and closed state can be seen in Fig. 8 .
H 2 :D 2 50:50 weight% breakthrough experiments
To test whether the material is suitable for enrichment-type separations where the concentration of one isotope may approach the concentration of the other (similar to the Girdler-Sulfide enrichment process), breakthrough measurements were conducted using a 50 wt% gas mixture of H 2 and D 2 (sourced from BOC, 50 wt% D 2 , balance H 2 , 99.99996%) at 293 K on sample 3.
The H 2 in the binary gas mixture ( Fig. 9 ) had similar breakthrough properties as reported in Fig. 3) , with the exception that the final concentration ratio was lower and did not reach C/C 0 = 1 (0.6 compared with 1.0 C/C 0 ). This was in part due to the concentration of each individual species being reported in terms of the initial concentration of the pre-mixed binary inlet gas. The D 2 , however, did not match the high D 2 concentration breakthrough times seen in Fig. 5 , and was comparable to the H 2 breakthrough regime instead. Interestingly, the final concentration ratio of the H 2 was $0.6, and only $0.4 C/C 0 for the D 2 , after 50 min. The inlet concentration ratio was 0.5 C/C 0 for both H 2 and D 2 , suggesting that there was either an accumulation of D 2 within the chabazite, or that there was a percentage of D 2 passing through an auxiliary pathway much more slowly (>50 min) than the remainder of the bulk gas through the packed bed.
When the experimental breakthrough time was extended to 275 min ( Fig. 10 ), there was a noticeable change in the concentration ratio at $125 min, with what seemed to be a secondary D 2 breakthrough curve. When compared to the high D 2 concentration breakthrough times (Fig. 5) , the apparent secondary breakthrough curve at $125 min for the binary system matched the high D 2 concentration breakthrough curve, as shown in Fig. 10 . The C/C 0 of the data shown in Fig. 5 above was scaled to 0.5, so that comparison with D 2 in the 50% binary system was possible in Fig. 10 . This confirms that there is no accumulation of D 2 within the chabazite, but rather that there are two accessible pathways for the D 2 to pass through the packed bed when H 2 is present in moderate concentrations (50 wt%). The first pathway is proposed to be through the interstitial space along with the H 2 , which is notably not seen when an extremely low concentration of H 2 is present in a dominant, almost pure D 2 flow (Fig. 5) , shown by the first D 2 breakthrough (A in Fig. 10 ). This is believed to be caused by the H 2 partially blocking access to the trapdoor openings (8MR) on the outside of the porous framework for part of the D 2 flow, as the H 2 was passing through the interstitial space, and thus over the 8MRs. The second pathway is through the Cs + chabazite trapdoors and into the porous interior, increasing the MFP and thus, the breakthrough time, which is seen for very low concentrations Fig. 10 ).
This indicates that Cs + chabazite could be used to separate out low concentrations of isotopes from a standard grade hydrogen gas feedstock, where the concentrations are extremely low ($0.0156%). Cs + chabazite could also possibly be a suitable material for the initial enrichment of D 2 in a multi pass breakthrough system, but enrichment would become severely limited above 50 wt%.
Kinetic breakthrough modelling
Kinetic rate breakthrough modelling was applied to the breakthrough measurements, in order to develop a robust kinetic rate equation that is applicable to Cs + chabazite hydrogen isotope separation systems, to aid in the design of future systems. Two models were investigated in parallel for robustness of design: the Thomas kinetic breakthrough model, also known as the bed depth service time (BDST) model, and the Yoon and Nelson kinetic breakthrough model [48] . Both models are regularly used to model gas breakthrough and separations through packed beds. The Pearson's chisquared (v 2 ) method of goodness of fit was applied to the polynomial S-type breakthrough curve fittings, and the coefficient of determination (R 2 ) method of goodness of fit was applied to the linear forms of the kinetic models.
The first model applied was the Thomas kinetic breakthrough model, which is a simplified form of the Bohart and Adams [49] irreversible isotherm model. In simplifying the model, the interparticle mass transfer resistance and the external resistance are excluded, meaning the surface interaction between the adsorbate and unspent adsorbent controls the rate of adsorption, and thus, the breakthrough. The Thomas model has two Thomas rate constants: the kinetic rate constant of K Th (ml min À1 mg À1 ) and the maximum solid phase concentration of the solute constant of q Th (mg g À1 ). The Thomas model is reliant upon the known specific system parameters of volumetric gas flow rate Q (ml min À1 ), gas throughput volume V (ml), mass of the adsorbent M (g), the inlet concentration C 0 (mg l À1 ) and the rate constants. To apply the model, the real ln C 0 C À Á À 1 À Á vs. V was plotted, which had a gradient of ÀK Th C 0 /Q and an intercept of K Th q Th M/Q which were used with the linearised form to calculate the Thomas rate constants K Th and q Th . The constants could then be used in Eq. (1) to model the breakthrough curves, as seen in Fig. 11 . The Thomas model is known to suffer deficiencies at t = 0 because of the C 0 component on the right hand side of the model, severely overestimating the C/C 0 at this time point.
Thomas model:
Linearised form of the Thomas model:
The second model used was the Yoon and Nelson kinetic breakthrough model [50] [51] , which is based upon the assumption that the rate of decrease in the probability of adsorption for each adsorbate molecule is directly proportional to the probability of adsorbate breakthrough on the adsorbent. The Yoon and Nelson model also has two rate constants: the kinetic rate constant of K YN (l min À1 ) and the 50% adsorbate breakthrough time constant of s (min). The Yoon and Nelson model is only reliant upon the specific system time (t) and the rate constants, making the model easier to apply if a number of the specific system variables are unknown. The model was applied by plotting the real ln C 0 C À Á À C À Á vs. t, which had a gradient of K YN and an intercept of ÀsK YN which were used in the linearised form of the model to calculate the rate constant. The constant could then be used in Eq. (3) to model the breakthrough curves, as seen in Fig. 11 . The Yoon and Nelson model does not suffer from the same t = 0 issue as the Thomas model as there is no C 0 component on the right hand side. Yoon and Nelson model:
Linearised form of the Yoon and Nelson model:
To determine the goodness of fit, the chi-squared (v 2 ) method was used (see Supplementary Information for details). There was a large increase in the v 2 value for the H 2 and D 2 when the trapdoors were changed from the closed to the open states, leading to a decrease in the p-value for each. Statistically the Yoon and Nelson model outperformed the Thomas model for all of the pure species breakthroughs and also the D 2 component of the 50 wt% gas mixture breakthrough (confirmed by lower p-values from the v 2 statistical test, Table 2 ). The Thomas model statistically only outperformed the Yoon and Nelson model for the H 2 component of the 50 wt% gas mixture breakthrough. Therefore for maximum separation of low concentrations of D 2 from a high H 2 concentration, the Yoon and Nelson kinetic parameters of K YN = 1.67 Â 10 À1 l min À1 and s = 25 min should be used.
Conclusion
A low-energy breakthrough separation technique was investigated for use in separating two isotopes of hydrogen. D 2 breakthrough was only partially independent of the trapdoor position or occupancy when D 2 was present in concentrations of 50 wt%. A two-stage D 2 breakthrough was observed, possibly due to a proportion of the D 2 passing through the interstitial space along with the H 2 , and the remainder passing through the closed trapdoors, leading to an increase in the MFP and breakthrough time. H 2 was completely excluded, even when the trapdoors were in the open position when H 2 was in the lower concentration of 50 wt%, causing the H 2 to pass through the interstitial space. This suggests that Table 2 Modelled kinetic rate constants for the breakthrough runs of H 2 with the trapdoors open and closed, D 2 with the trapdoors open and closed (T = 343 K and 293 K) and the 50 wt% H 2 -D 2 mix. The units are K Th (ml min À1 mg À1 ), q Th (mg g À1 ), K YN (l min À1 ), torr (t @ 50% breakthrough, min).
Thomas
Yoon and Nelson the affinity of the chabazite packed bed towards D 2 is much greater than for H 2 , even when the trapdoor gates are in the open position, confirming the predicted difference in the interaction of H 2 and D 2 with the cation trapdoor. The elucidation of the role of the Cs + cation in discriminating between different gas species for separations will be the subject of further study. This work demonstrates that Cs + chabazite packed bed breakthrough separation is not suitable when the concentration of either species increases beyond low percentile amounts, so would not be appropriate for multi-pass enrichment configurations. However, for industrial applications, this is not an issue, as most H 2 -D 2 separation systems are either based upon separating trace amounts of D 2 from a H 2 feedstock sourced from the water-gas shift reaction of natural gas, or upon separating trace amounts of H 2 from a D 2 feedstock to create ultra-pure D 2 . D 2 breakthrough was found to be independent of the trapdoor position or occupancy when D 2 was present in high concentrations, so appears to have a threshold admission temperature T C at a temperature lower than the experimental range investigated. H 2 is highly dependent on trapdoor position when in high concentrations, only passing through the trapdoors when in the open position. Due to the differences in the interactions, no breakthrough crossover was observed for the high concentration breakthrough measurements when the trapdoors were in the closed position. Therefore, Cs + chabazite packed bed breakthrough separation is possible at moderate temperatures (293 K) and pressures (0.17 MPa) when one species is in a sufficiently low concentration, significantly lowering the total energy demand compared to current cryogenic distillation methods [16, 17, 20, 21] . This could be a new method for separating D 2 from standard grade H 2 due to the low concentrations of D 2 present (0.0156%).
